Introduction
The synepitheliochorial placenta of ruminants is one of the least invasive mammalian placentae (Leiser & Kaufmann 1994) . In ruminants, initial attachment of the elongated conceptus (embryo plus its extra-embryonic membranes) does not take place until days 15-16 of pregnancy when binucleate cells (BNC) form and fuse with the uterine luminal epithelium (LE) to create syncytia where placentomes will later develop for the exchange of nutrients and gases (Wooding 1992) . Therefore, there is a long pre-attachment phase wherein conceptus survival depends exclusively on its ability to respond to the components of histotroph within the uterine lumen and to influence the maternal environment . Interestingly, most embryonic loss in mammals occurs during this periimplantation period of pregnancy (Reynolds & Redmer 2001 , Macklon et al. 2002 .
In domestic ruminants, the non-attached elongating conceptus begins to signal its presence in the uterus around days 10-12 of pregnancy by secreting interferon tau (IFNT) which abrogates the development of the luteolytic mechanism and regulates the expression of genes in uterine epithelial and stromal cells (Spencer & Bazer 1995 , Gray et al. 2006 . However, the mechanisms for initiation of secretion of IFNT by the trophectoderm around day 10 and cessation of its secretion around day 21 have not been elucidated despite the significant role of IFNT in the establishment of pregnancy in ruminants.
In general, interferons (IFNs) represent a cellular response to viral infection by cells of the innate immune system (Trinchieri 2010) . The endosomal counterparts of the toll-like receptors family (TLR): TLR3, TLR7, TLR8, and TLR9 (Asselin-Paturel & Trinchieri 2005 , Ito et al. 2005 , Akira et al. 2006 , Kumar et al. 2009 , González-Navajas et al. 2012 induce the secretion of type 1 IFNs upon recognition of viral nucleic acids that travel as complete infectious particles or transported within cellular organelles such as microvesicles/exosomes (Diebold et al. 2004 , Morelli et al. 2004 , Blasius & Beutler 2010 , Dreux et al. 2012 . Indeed, researchers are currently focusing on the role of exosomes in the transport of viral components into target cells during the course of an infection (Nguyen et al. 2003 , Masciopinto et al. 2004 , Pegtel et al. 2010 , Meckes & Raab-Traub 2011 and whether this is a mechanism whereby the virus evades immune surveillance by the host.
Simultaneous with onset of secretion of IFNT, the pre-attached ruminant conceptus is exposed to increasing amounts of single stranded RNA endogenous jaagsiekte retroviruses (enJSRV; Dunlap et al. 2005) . The enJSRVs are very abundant in the ovine reproductive tract after being incorporated in the genome throughout evolution (Palmarini et al. 2001) and their expression is known to regulate key peri-implantation events in the conceptus such as formation of BNCs (Dunlap et al. 2005 , Dunlap et al. 2006 . It is clear that expression of enJSRV and IFNT are temporally related (Palmarini et al. 2001 ). An interspecies model was used to demonstrate that endometrial enJSRV shed into the uterine lumen of pregnant ewes can infect bovine conceptuses (Black et al. 2010) . However, the mechanism whereby enJSRV travels throughout the uterine lumen and incorporates into conceptus trophectoderm remains unknown.
During pregnancy, there is an essential need to avoid a maternal immune response against the conceptus, which makes it very unlikely that enJSRV would travel as free particles. As the release of exosomes by uterine cells has been demonstrated (Racicot et al. 2012 , Ng et al. 2013 , we hypothesized that the viral particles released by the endometrium during the preattachment phase of pregnancy utilize exosomes to escape maternal immune surveillance and to reach the conceptus. Once exosomes are incorporated into the trophectoderm, we propose that enJSRV activates TLR-mediated immune pathways based on our finding of expression of viral-recognition receptors TLR7 and TLR8 in ovine trophectoderm as well as their regulatory effects on enJSRV and conceptus development (I Ruiz-Gonzalez, M Minten, X Wang, K Dunlap, FW Bazer, unpublished observations). In addition, we hypothesized that activation of TLRs by enJSRV leads to IFNT production in a manner similar to that whereby innate immune cells secrete type 1 IFNs in response to viruses following viral infection (Diebold et al. 2004 , Asselin-Paturel & Trinchieri 2005 , Dreux et al. 2012 .
The aims of this study with ewes were to i) isolate and characterize exosomes in the uterine lumen; ii) demonstrate uptake of exosomes by trophectoderm cells; iii) determine the effects of exosomes on secretion of IFNT by ovine trophectoderm cells; and iv) identify the expression of the components of the classical TLR-mediated cell signaling pathway for the secretion of type 1 IFNs in conceptus trophectoderm.
Material and methods

Experimental design
Mature Rambouillet ewes (Ovis aries) were observed daily for estrus (day 0 is the day of onset of estrus) in the presence of vasectomized rams and used in experiments after exhibiting at least two estrous cycles of normal duration (16-18 days). All experimental and surgical procedures were performed in compliance with the Guide for the Care and Use of Agriculture Animals in Research and Teaching and approved by the Institutional Animal Care and Use Committee of Texas A&M University.
Collection of samples
At estrus and on day 1, ewes were mated to either a vasectomized ram or an intact ram of proven fertility. The ewes were then assigned randomly to be ovariectomized-hysterectomized on day 10, 12, 13, 14, 15, or 16 of the estrous cycle or day 10, 12, 13, 14, 15, or 16 of pregnancy (nZ3-5 ewes per day and status) as described previously .
At hysterectomy, uteri were flushed with 10 mM Tris buffer (w10 ml) and pregnancy was confirmed by the presence of a morphologically normal conceptus and a functional corpus luteum (CL). The sections (w0.5 cm) from the mid-portion of each uterine horn were fixed in fresh 4% paraformaldehyde in PBS (pH 7.2). After 24 h, the fixed tissues were changed twice to 70% ethanol (v/v) for another 24 h, dehydrated through a graded series of alcohol to xylene, and then embedded in Paraplast-Plus (Oxford Labware, St Louis, MO, USA). The conceptuses recovered from pregnant ewes on days 13-16 were snap frozen in liquid nitrogen and stored at K80 8C for subsequent RNA extraction.
Isolation of exosomes from uterine flushings
The exosomes were isolated from uterine flushings using the precipitation solution Exoquick (SBI System Biosciences, Inc., Mountain View, CA, USA; da Silveira et al. 2012 , Hannafon & Ding 2013 . Briefly, 5 ml of uterine flushing from each ewe were concentrated using Amicon 0.5 3K filter columns (Sigma-Aldrich) and incubated with Exoquick solution at 4 8C for 16 h following the manufacturer's instructions. The resulting exosomal pellet was either resuspended in PBS (pH 7.4) before RNA extraction or reconstituted in radioimmunoprecipitation assay buffer (Thermo Scientific, Waltham, MA, USA) for protein extraction.
Transmission electron microscopy
The exosomes isolated from different days of the estrous cycle and pregnancy were reconstituted in PBS and 282 I Ruiz-González and others uranyl-acetate/methylcellulose (UA/MC) staining was performed. Briefly, aliquots from exosomes were transferred to filmed grids and allowed to adsorb for 20 min. The grid was washed with 10% PBS and exosomes were fixed with 1% glutaraldehyde for 5 min. The grid was then transferred to uranyl-oxalate for 5 min and stained with a solution of MC-UA for 10 min. The samples were examined using a FEI Morgagni 268 digital transmission electron microscope (FEI, Hillsboro, OR, USA).
Immunohistochemical analysis
Immunoreactive constitutive heat shock protein 70 (HSC70) protein was localized in paraffin-embedded samples of cyclic and pregnant uteri using the mouse Vectastain ABC Elite Kit (Vector Laboratories, Burlingame, CA, USA) following the manufacturer's instructions. Briefly, antigen retrieval was performed using boiling citrate, and endogenous peroxidase activity was blocked in methanol with 0.3% hydrogen peroxide for 15 min at room temperature (RT). The slides were incubated overnight at 4 8C with a mouse MAB against HSC70 (ADI-SPA-820, Stressgen Biotechnologies, Inc., San Diego, CA, USA) at final a dilution of 1:150 in PBSC1% BSA. Negative controls included substitution of the primary antibody with purified non-immune mouse immunoglobulin G (IgG) at the same final concentration. Photomicrographs were taken using a Zeiss Axioplan2 microscope fitted with an AxioCamHRc camera (Carl Zeiss, Inc., Thornwood, NY, USA).
PCR
Total RNA from conceptuses and exosomes was extracted using Trizol (Invitrogen) following the manufacturer's instructions. The quantity and quality of total RNA were determined by spectrometry. When processing conceptus RNA, denaturing agarose gel electrophoresis was also performed. RNA from exosomes (1.5 mg) and conceptuses (2.1 mg) was reverse transcribed using the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen) following the manufacturer's instructions. Control reactions in the absence of reverse transcriptase were prepared for each sample to detect genomic DNA contamination. The resulting cDNA was stored at K20 8C for further analysis.
Exosomal content of mRNAs for enJSRV-ENV and HSC70 was determined using semi-quantitative-PCR as described previously (Dunlap et al. 2005) . Briefly, 15 ng of cDNA from exosomes was reverse transcribed using Takara ExTaq (Takara Biotechnology, Dalian, CO, USA) using the primers listed in Table 1 . PCR products were separated on a 1.5% agarose gel and visualized by ethidium bromide staining and u.v. transillumination using a Chemidoc-XRS Multi-imager with Quantity One Software (Bio-Rad).
In addition, quantitative PCR (qPCR) was performed using the ABI prism 7900 HT Fast Real-Time PCR System with Power SYBR Green PCR Master Mix (Applied Biosystems) as specified by the manufacturer. Specific oligonucleotide primers were designed and analyzed by Primer Express Software for Real-Time PCR v3.0 (Applied Biosystems). Also, primers were blasted using the available databases to ensure their specificity for the gene of interest in this study. Forward and reverse primer sequences for all genes analyzed in the exosomes and in the conceptus are listed in Tables 2 and 3 respectively. Primer specificity and efficiency (K3.22O slopeOK3.44) were confirmed using a test amplification run. Each individual sample was run in triplicate using the following conditions: 50 8C for 2 min, 95 8C for 10 min, and then 95 8C for 15 s and 60 8C for 1 min for 40 cycles. A dissociation curve was generated to determine the amplification of a single product. The threshold was set at the linear region of the plots above the baseline noise, and threshold cycle (C T ) values were determined at the cycle number at which the threshold line crossed the amplification curve. Ovine alpha-tubulin (TUBA) was used as the reference gene. Mean C T values for each gene were normalized against average C T values for the reference gene. 
Western blotting analysis
Protein concentration in exosomes isolated from pregnant ewes was determined using the DC Assay (Bio-Rad).
Western blot analyses were performed as described elsewhere . Briefly, exosomes from each day of pregnancy (15 mg) ovine trophectoderm (oTr1) culture medium (60 mg) were dissolved in Laemmli sample buffer (Bio-Rad), heated at 85 8C for 7 min, and separated on 12 and 20% SDS-PAGE gels respectively. The proteins were transferred to nitrocellulose membranes (ProtranBA83, 0.2 mM, GE Healthcare Life Sciences, Pittsburg, PA, USA) and non-fat milk (5%) or BSA (5%) was used as a blocker for 1 h at RT. Immunoblotting of exosomes from pregnant ewes was performed overnight at 4 8C with a MAB directed against HSC/HSP70 (ADI-SPA-820, Stressgen Biotechnologies, Inc.) at a 1:1500 dilution in 2% BSA and a polyclonal antibody against enJSRV-capsid at 1:12 000 in PBSC1% BSA as described previously (Black et al. 2010) . In addition, a polyclonal antibody against Calnexin (ADI-SPA-865, Stressgen Biotechnologies, Inc.) was used as a negative control because its expression is associated with cellular organelles and it is not present in exosomes formed via the endocytic pathway (Lotvall & Valadi 2007) . The following day, the membranes were washed in TBS-Tween (Sigma) and a HRP-conjugated goat anti-mouse or goat anti-rabbit IgG was used at a 1:20 000 dilution and incubated 1 h at RT. Immunoreactive proteins were detected using Supersignal West Dura Extended Duration Substrate (Thermo Scientific) and quantification of the signal was achieved using a Chemidoc-XRS Multi-imager. A background subtraction method included in Quantity One Software (Bio-Rad) was used to assign a Count!mm 2 (CNT-Global data unit) to each sample. These values are presented as arbitrary units for the purpose of statistical analyses.
Vesicle labeling
Exosomes isolated from uterine flushings from cyclic and pregnant ewes were labeled using the PKH67 Cell Linker Kit (Sigma Chemical Co.) following the manufacturer's instructions with minor modifications. Briefly, 200 mg of exosomes were incubated for 6 min in a mixed solution of Diluent C and PKH67 dye (1.2 mM). The labeled exosomes were washed and centrifuged three times at 4000 g for 5 min to remove excess dye and then resuspended in serum-free culture medium before being added to the cells. Diluent C was used as a negative control after being subjected to the same procedures as the exosome pellet.
Cell culture
An established oTr1 cell line from day 15 conceptuses was used for in vitro studies as described previously (Farmer et al. 2008) . The cells were cultured in DMEM F12 that included 10% fetal bovine serum, 50 U penicillin, 50 mg streptomycin, 0.1 mM each of nonessential amino acids, 1 mM sodium pyruvate, and 0.7 mM insulin. To study the uptake of labeled-exosomes by oTr1 cells, the oTr1 cells were grown in Lab-Tek four-well chamber slides (NalgeNunc International, Rochester, NY, USA). When oTr1 cells were 70% confluent, labeled exosomes were added and cells incubated for 2 h at 37 8C. Afterwards, cells were stained with 4 0 ,6-diamidino-2-phenylindole (DAPI). DAPI was not used with control cells to ensure the detection of background signal which could be obscured due to the high intensity of the DAPI signal. Fluorescence and corresponding differential interference contrast images were captured used a Zeiss Stallion Dual Detector Imaging System with Intelligent Imaging Innovations Software (Carl Zeiss, Inc.).
Fluorescence deconvolution of images was employed to verify the intracellular localization of the PKH67-labeled exosomes within living oTr1 cells by collecting optical slice images from the basal to apical plasma membrane using a C-APO 63X/1.2 water immersion objective with a 0.5 mm step size. The images collected in this way allowed monitoring the vibrational movement of the fluorophore within the cytoplasm of the oTr1 cells. 
Gene
Accession number Forward primer Reverse primer
Cell proliferation assay
The oTr1 cells were subcultured (2!10 4 cells/0.4 ml per well) in 24-well plates (Costar#3524; Corning, Union City, CA, USA) in a complete medium (i.e., DMEM/F-12 (DMEM/Nutrient Mixture F-12; Gibco BRL)) with 10% FBS (Gibco BRL), 50 U/ml penicillin, 50 mg/ml streptomycin, 0.1 mM each for 'nutritionally nonessential' amino acids (NEAA), 1 mM sodium pyruvate, 2 mM glutamine, and 4 mg/ml insulin] until the monolayer reached 30% confluence and then switched to serumand insulin-free customized medium. After starvation for 24 h, the cells were further deprived from serum and insulin for an additional 6 h. The cells (nZ3 wells per treatment) were then cultured in 400 ml basal medium that contains 5% FBS and 1 ng/ml insulin at 0 min as a blank control, and then treated with proteins from the exosomes at selected doses (0, 50 or 150 mg). After 48 h, the medium was collected for slot blot analyses to detect IFNT secreted into the culture medium. The cell numbers were then determined as described previously (Raspotnig et al. 1999) . Briefly, after removal of the medium, cells were fixed in 50% ethanol for 30 min, followed by vacuum aspiration of the fixative. The fixed cells were stained with Janus Green B in PBS (pH 7.2) for 3 min at RT. The stain was immediately removed using a vacuum aspirator, and the whole plate was sequentially dipped into water and destained by gentle shaking. The remaining water was removed by shaking, after which stained cells were immediately lysed in 0.5 M HCl and absorbance readings were taken at 595 nm using a microplate reader. As described previously (Raspotnig et al. 1999) , cell numbers were calculated from absorbance readings using the following formula: cell numberZ(absorbanceK0.00462)/0.00006926.
Immuno-slot blot analyses for IFNT
Secreted IFNT in the culture medium recovered from treated oTR1 was measured using a protein slot blot technique. Protein concentration in the medium was determined using the Bradford protein assay (Bio-Rad) with BSA as the standard. Briefly, 300 mg samples of total protein were incubated at 96 8C for 10 min, and slot blotted on to a nitrocellulose membrane using a MinifoldI slot-blot array system (Sigma-Aldrich). The membranes were blocked in 5% fat-free milk in 20 mM Tris, 150 mM NaCl, pH 7.5, and 0.1% Tween-20 (TBST) for 2 h at RT and then incubated with primary antibody at 4 8C overnight with gentle rocking. After three washes of 10 min each with TBST, the membranes were incubated at RT for 1 h with secondary antibody. The primary antibody, rabbit anti-roIFNT polyclonal IgG, and secondary antibody, HRP-linked anti-rabbit IgG (Cell Signaling, Danvers, MA, USA) were used at dilutions of 1:15 000 and 1:20 000 respectively. The membranes were then washed with TBST as before, followed by development using ECL detection (SuperSignal West Pico, Thermo Fischer Scientific, Rockford, IL, USA) according to the manufacturer's instructions. Multiple exposures of each slot blot were performed to ensure linearity of chemiluminescent signals. The protein slot blots were quantified by measuring the intensity of light emitted from the immunoreactive slots under u.v. light using a ChemiDoc EQ System and Quantity One Software (Bio-Rad).
Statistical analyses
Data were subjected to least-squares ANOVA using the Mixed Procedure of the Statistical Analysis System (SAS Institute, Cary, NC, USA). Normality of data and homogeneity of variance were tested using the Shapiro-Wilk test and Brown-Forsythe test. Data were analyzed by least squares one-way ANOVA and post hoc analysis (Fisher least significant difference test). The results obtained from qPCR and western blotting for proteins in exosomes were analyzed for effects of day of pregnancy. The results obtained from analysis of the oTr1 culture medium were analyzed for the effects of treatment dosage. Data obtained from conceptuses were assessed for the effects of day of pregnancy. A P%0.05 value was considered to be statistically significant. Data from qPCR analyses are presented as least-squares means with overall S.E.M. and results from western blots are expressed as means for arbitrary units with overall S.E.M. Data from cell proliferation assays and analyses for determining abundance of IFNT are presented as percent change relative to values for controls.
Results
Exosomes are liberated into the uterine lumen during both the estrous cycle and pregnancy Transmission electron microscopy performed on samples from cyclic and pregnant ewes detected 50-100 nm size, cup-like shaped microvesicles compatible with previous descriptions of exosomes (Fig. 1) . Semi-qPCR analysis revealed the expression of HSC70 and enJSRV-ENV mRNAs within exosomes isolated from uterine flushings of both cyclic and pregnant ewes ( Fig. 2A) . When qPCR was performed on exosomes isolated from uterine flushings of pregnant ewes (Fig. 2B) , the expression of enJSRV-ENV decreased (PZ0.012) as pregnancy advanced between days 10 and 16 of gestation. In addition, interferon regulatory factor 6 (IRF6) mRNA decreased in exosomes (PZ0.019) from days 10 to 16 of gestation. Furthermore, the expression of interleukin 10 (IL10) and tumor necrosis factor alpha (TNFA) mRNAs was detected by qPCR in exosomes collected from cyclic and pregnant ewes; however, interleukin 1 beta (IL1B) mRNA was not detected (data not shown).
Immunoreactive HSC/HSP70 expression by uterine endometrium differs between cyclic and pregnant ewes
The expression of immunoreactive HSC70 protein was detected in all uterine compartments, but appeared to be more abundant in uterine LE and glandular epithelium (GE), and stratum compactum stroma (S) (Fig. 3) . HSC70 protein was abundant in uterine LE, GE, and S on day 10 of the estrous cycle and it remained abundant until day 14. By day 16 of the estrous cycle, strong staining for HSC70 was limited to stromal cells as it decreased in uterine LE and GE. In the endometria of pregnant ewes, immunoreactive HSC70 was abundant in uterine LE and S on day 10, but expression was low in uterine GE. The abundance of HSP70 protein increased in uterine LE, GE, and S on day 12 of pregnancy and remained abundant until day 16.
oTr1 cells incorporate exosomes
Green fluorescent exosomes labeled with PKH67 were visualized within oTr1 cells and some remained in the medium after incubation at 37 8C for 2 h (Fig. 4) . At 48 h, all fluorescent exosomes were located within oTr1 cells. Fluorescence was detected in both mononuclear and binuclear trophectoderm cells, with no apparent selectivity for either type of those cell types.
Exosomes carry enJSRV proteins
Calnexin protein was detected in the uterine endometrium from pregnant ewes, but not in the exosomes 
Figure 3
Immunohistochemical localization of HSC70 in uteri of ewes on days 10, 12, 14, and 16 of the estrous cycle and days 10, 12, 14, and 16 of pregnancy. The sections were not counterstained. LE, luminal epithelium; sGE, superficial glandular epithelium; S, stroma. All photographs were from uterine cross sections taken at 20! magnification using the same width of field (scale barZ250 mm).
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Reproduction (2015) 149 281-291 www.reproduction-online.org from those same ewes, which demonstrates the purity of the exosomal samples used in this study. In addition, expression of HSC70 protein, a common marker of exosomes, was found in all samples of exosomes recovered from uterine flushings regardless of day of pregnancy (Fig. 5A) . The abundance of enJSRV-capsid protein in exosomes decreased (PZ0.03) from days 12 to 16 of gestation (Fig. 5B ).
Exosomes stimulate proliferation and secretion of IFNT by oTr1 cells in vitro
The abundance of IFNT protein in culture medium recovered from exosomes-treated oTr1 cells was assessed by western blotting analyses. The analyses revealed that exosomes recovered from pregnant ewes contained IFNT, which indicated that secreted IFNT was present in exosomes released into the uterine lumen by conceptus trophectoderm. Therefore, exosomes from cyclic ewes were used to assess their effects on production of IFNT by oTr1 cells because they do not contain or carry IFNT. oTr1 cells that were treated with different dosages of exosomes recovered on day 13 of the estrous cycle had higher rates of proliferation and increased production of IFNT (Fig. 6) .
Components of the TLR-mediated cell signaling pathway for the expression of type 1 IFNs are expressed by the ovine conceptus during early pregnancy
The expression of genes known to be involved in cellular TLR-mediated innate responses to viral pathogens was determined from the conceptuses recovered during the time of maternal recognition of pregnancy in ewes (days 13-16 of pregnancy; Fig. 7 ). Conceptus expression of CD14 and CD68 mRNAs, both considered to be macrophage markers, varied between days 13 and 16 of pregnancy with CD14 increasing from days 13 to 16 (PZ0.08), and CD68 decreasing during the same period (PZ0.0002). There was no significant change in the expression of CD11B (PO0.05), a commonly accepted marker for plasmacytoid dendritic cells. The expression of myeloid differentiation factor 88 (MYD88), an adaptor protein in TLR-mediated cell signaling pathways, was detected in the conceptus, but the expression was not affected by day of pregnancy (PO0.05). Interleukin receptor-associated kinase 1 (IRAK1) mRNA decreased from days 13 to 16 (PZ0.05), while the expression of IRAK4 mRNA was not different due to day of pregnancy (PO0.05). Furthermore, tumor receptor-associated factor 6 (TRAF6) decreased from days 13 to 15 of pregnancy and then increased on day 16 (PZ0.027).
Although the abundance of nuclear factor kappa-B (NFKB) mRNA did not change in conceptuses due to day of gestation, the expression of IRF7 and IRF6 were influenced by day of pregnancy (PZ0.04 and PZ0.009, respectively). Moreover, the expression of IFNT and 2'-5'-oligoadenylate synthetase (OAS) mRNAs were not affected by day of pregnancy. 
Discussion
This study provides evidence that exosomes are present within the ovine uterine lumen and that they contain essential molecules involved in key peri-implantational events. In addition, we are the first to report that treatment of oTr1 cells with exosomes stimulates the secretion of IFNT, which is the pregnancy recognition signal in ewes. Moreover, temporal changes in the abundance of exosomal enJSRV during early pregnancy coincide with TLR-mediated activation of production of type 1 IFNs (i.e., IFNT) by conceptus trophectoderm. Furthermore, our results demonstrated that oTr1 cells express the commonly accepted macrophage markers CD14 and CD68 in a regulated manner, as well as express CD11B, a recognized marker for plasmacytoid dendritic cells. Collectively, the results of the present study support our hypothesis that induction of IFNT secretion for pregnancy recognition signaling in ruminants results from an innate immune-like response by oTr1 cells to maternal enJSRV acting via TLR, particularly TLR7 and/or TLR8. The recent detection of exosomal microvesicles in human uterine fluid has led to the hypothesis that exosomes participate in the dialog that takes place throughout the uterine lumen between the receptive endometrium and a potential conceptues (Ng et al. 2013) . The ruminant conceptus, which displays a protracted pre-attachment phase during pregnancy, would greatly benefit from this mechanism of cell communication as it is dependent on the components of histotroph during the peri-implantation period of pregnancy. Indeed, Racicot et al. (2012) demonstrated liberation of exosomes by ovine uterine cells in vitro and described the expression of IFNT-related genes in their cargo. Afterwards, another study described the presence of these microvesicles in ovine uterine flushings recovered from day 14 of the estrous cycle and day 14 of pregnancy (Burns et al. 2014) . The results presented here are the first to demonstrate that membrane-bound organelles matching features previously described for exosomes (Gyö rgy et al. 2011 , Vlassov et al. 2012 are present in ovine uterine flushings as early as day 10 post-estrus/mating, which provide strong support for a role for exosomes in early events responsible for the onset of IFNT secretion and establishment of pregnancy in ewes.
In the current study, characterization of the exosomes recovered from uterine flushings of cyclic and pregnant ewes revealed the presence of multiple mRNAs and proteins likely involved in ruminant reproduction, including enJSRV, IFNT, IRFs, and other cytokines , Dunlap et al. 2006 . Of particular interest is the finding of mRNAs and protein for enJSRV, which supports results published by Burns et al. (2014) . It is known that the conceptus trophectoderm contains enJSRV around day 12 (Dunlap et al. 2006) due to the incorporation of viral particles shed from the endometrium (Black et al. 2010) . However, the molecular mechanism whereby these particles travel throughout the uterine lumen has not been described. Our results provide evidence for packaging of enJSRV within the exosomal cargo between days 10 and 16 of gestation. These findings reveal an alternative mechanism for viruses to be internalized into the conceptus trophectoderm and for them to influence conceptus development in a manner similar to that whereby pathogenic viruses invade host cells of the innate immune system during the course of infection (Masciopinto et al. 2004 , Morelli et al. 2004 .
Exosomes are involved in cell to cell communication and they influence signaling pathways in target cells (Février & Raposo 2004 , Lyons-Weiler et al. 2012 , Montecalvo et al. 2012 . Indeed, our results first demonstrate that treatment of oTr1 cells with exosomes stimulates them to proliferate and secrete IFNT, which indicates that elements within their cargo trigger key peri-implantation events. We propose that exosomal enJSRV initiates immune pathways in the conceptus that induce IFNT production and formation of BNC through proliferative and fusogenic events , Dunlap et al. 2006 . Supporting this hypothesis, our results indicate that exosomes from pregnant ewes transport enJSRV proteins in a temporal fashion which is similar to their pattern of secretion by ovine uterine epithelial cells (Palmarini et al. 2001) . This temporally regulated release of exosomes loaded with viral particles during the critical time of pregnancy recognition supports our hypothesis that enJSRV serves as a potential inducer of both proliferation and secretion of IFNT by oTr1 which is essential for the establishment of pregnancy.
The cellular receptor hyaluronidase 2 (HYAL2) has been proposed to be responsible for the entry of enJSRV into day 12 conceptus trophectoderm (Dunlap et al. 2005 , Black et al. 2010 ; however, HYAL2 is not detected in oTr1 until day 16 of pregnancy (Dunlap et al. 2005) . In this study, we analyzed the potential role of TLRs as enJSRV receptors because the members of this subfamily classically mediate the expression of type 1 IFN genes upon viral recognition by cells of the innate immune system (Asselin-Paturel & Trinchieri 2005 , Ito et al. 2005 , Akira et al. 2006 , Kumar et al. 2009 , González-Navajas et al. 2012 . We have demonstrated important roles for TLR7 and TLR8 during maternal recognition of pregnancy in sheep (I Ruiz-Gonzalez, M Minten, X Wang, K Dunlap, FW Bazer, unpublished observations), including regulation of IFNT secretion, abundance of enJSRV in conceptuses, and formation of BNC in the trophectoderm. Indeed, results presented here demonstrate that molecular components of the TLRmediated pathway that induces the secretion of type 1 IFNs in cells of the innate immune system are present in the ovine conceptus trophectoderm during the time that IFNT is being secreted for pregnancy recognition signaling. Coincidentally, we observed temporally regulated expression of IRF7, the major inducer of type 1 IFNs (Honda et al. 2005) , and IRF6 in both exosomes and conceptus trophectoderm. In previous analyses, IRF6 was hypothesized to promote proliferation and development of the placenta (Fleming et al. 2009 ). However, recent results have suggested that IRF6 functions synergistically with maspin to induce differentiation of epithelial cells by regulating exit from the cell cycle and entry into the G(0) phase of cellular quiescence (Bailey & Hendrix 2008 , Biggs et al. 2014 .
Based on results from this study, we propose that TLR7 and TLR8 are key receptors that recognize exosomal enJSRVs and initiate cell signaling for an innate immune cell-like response resulting in synthesis and secretion of IFNT. Further experiments are required to clarify whether and how enJSRV reaches the endosomal compartment of oTr1 cells to allow TLR7 and TLR8 recognition and processing. Interestingly, HSC70, a common protein marker of exosomes, regulates processing of viral proteins within target cells and promotes cell signaling through TLRs (Wang et al. 2006 , Simpson et al. 2008 , Kim & Oglesbee 2012 . Furthermore, HSP70 binds to membrane protein receptor CD14 (Asea et al. 2000) which participates in the recognition of viruses in association with TLR (Kurt-Jones et al. 2000, Asea et al. 2002 , Baumann et al. 2010 . In this study, we provide evidence for temporal changes in expression of CD14 and CD68 in the oTr1, which may allow them to modulate immune-mediated pathways similar to events regulating macrophage activation. Indeed, CD14 and CD68 are monocyte/macrophage markers in ruminants (Mansouri-Attia et al. 2012 , Oliveira et al. 2012 ) that are involved in pathogen recognition, transport of molecules to and from the endosomal compartment and cell adhesion (Ramprasad et al. 1996 , Chen et al. 1999 , all of which are key events during the peri-implantation period of pregnancy in ruminants .
In summary, the results of this study support the hypothesis that exosomes released from the maternal endometrium are involved in events that regulate secretion of IFNT and maternal recognition of pregnancy. Our results provide the first evidence for increased production of IFNT by trophectoderm cells in response to exosomes. In addition, we describe temporally regulated changes in the abundance of exosomal enJSRV that are coordinated with expression of key molecules in the conceptus required for TLR-mediated production of type 1 IFNs, such as IFNT. Collectively, these results support our hypothesis that maternal enJSRV transported within exosomes are taken up by the trophectoderm to induce TLR-mediated signaling in the conceptus, which results in the secretion of IFNT in a manner similar to that occurring when cells of the innate immune system respond to viral pathogens.
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